The micro mechanical properties, stability and three-dimensional (3D) morphology of intragranular ferrite was studied in a low carbon microalloyed steel utilizing nano indentation, three-dimensional reconstruction techniques along with LEO1 450 scanning electronic microscopy. The mixed microstructures of intragranular ferrite, granular bainite and lath or plate-like bainite was obtained in a Nb-Ti microalloyed steel, which was water cooled immediately after relaxation for a fixed time as hot deformation ended. The elastic modulus and hardness increased in the sequence of intragranular ferrite, granular bainite and lath or plate-like bainite by approximately 15 GPa and 0.6 GPa, respectively. On the contrary, the tempering treatment of the specimens showed that the stability of the mixed microstructures decreased in the sequence of intragranular ferrite, granular bainite and lath or plate-like bainite. The results of stability, elastic modulus and hardness indicated that intragranular ferrite was formed prior to bainite transformation. The intragranular ferrite thus effectively sectioned the prior austenite into many small zones and thus the bainite transformed at lower temperatures was restricted in the small zones. It is likely that the formation of lath or plate-like intragranular ferrite prior to bainite transformation played an important role in the refinement of mixed microstructures.
Introduction
Intragranular ferrite formed in association with inclusions is utilized for grain refinement in steels and improving strength and toughness of steel welds in recent years. [1] [2] [3] Extensive studies on the nucleation of intragranular ferrite at inclusions in steels have been conducted. 1, [4] [5] [6] [7] [8] [9] [10] Some researches indicated that intragranular ferrite is caused by the formation of Mn depleted zone around inclusions. [4] [5] [6] [7] The precipitation of MnS and VN at oxides was reported to promote the formation of intragranular ferrite. 10) Since last decades various techniques of TMCP have been developed to refine microstructure of steels. 2, 3) It was reported recently that a TMCP-RPC (Thermomechanical Controlled ProcessRelaxed Precipitation Control) was attempted to refine the microstructures of a low carbon microalloyed steels. 3) In this process the microstructure was refined by the precipitation of Nb and Ti carbonitride, dislocation polygonizing and their interaction. 11) However, very few studies are conducted on the features of intragranular ferrite formed in association with inclusions in microalloyed steels.
In recent years, mechanical characterization is applied to study the microstructure using nanoindentation and microhardness. [12] [13] [14] [15] For the past decade three-dimensional analysis of microstructures has attracted considerable attention and has been proved to be a useful approach to understanding microstructures. [16] [17] [18] [19] [20] [21] [22] In this study, the characteristics of intragranular ferrite formed in association with inclusions in a Nb-Ti microalloyed steel is investigated by the means of nano indentation and three-dimensional reconstruction so as to understand the refinement of the mixed microstructures in the microalloyed steel.
Experimental Procedures
The microalloyed steel was melted in vacuum and cast into ingots. The ingots were reheated at 1 200°C for homogenization and hot rolled into rods. The chemical composition of the specimens is shown in Table 1 . The specimens 8 mm in diameter and 12 mm in height were used for simulation at Geeble-1 500. The schematic presentation of heat treatment and deformation process is shown in Fig. 1 . The specimens were rapidly heated and held at 1 250°C for 20 min, then cooled to 850°C at a speed of 2°C/s. The specimens were held at 850°C for 1 min and then reduced 30 % (true strain) at a rate of 1/s, finally relaxed for a fixed time and immediately water cooled. One cycle of deformation was conducted and no recrystallization occurred in the deformation. The prior austenite grain was approximately 300 mm.
Optical microstructure was observed with an Olympus microscope. SEM observation was conducted at a LEO1450. Small load was applied for nano indentation because the intragranular ferrite in this study was thin and divided bainite. In order to compare the micro mechanical properties of intragranular ferrite, granular bainite and lath or plate-like bainite, the same load was applied for these microstructures. The nano indentation was applied with load 10 mN and conducted at National Metallic Materials Laboratory at University of Science and Technology Beijing. The elastic modulus and hardness of the microstructures was calculated from the measured force-depth curves using an empirical function, which was established utilizing single crystal metals.
For serial sectioning the specimens were polished with an automatic grinder polisher under a fixed polishing load and for a fixed time. The polished surface of each layer was slightly etched with 3 % nital. Fiducial hardness indents were applied with a Vickers hardness indenter at a 200 g load for the purpose of alignment and measurement of the depth of removal. The depth of a removed layer was calculated by measuring the diagonal length of the hardness indents before and after each polishing. Approximately 0.50 mm was polished away each time. A series of optical micrographs were obtained with a digital CCD camera at a magnification of 400 in each polishing cycle. The images were then aligned horizontally. After the masking of ferrite was performed, a stack of 2D slices of ferrite image was transferred into a volume data and then, was constructed and visualized using AVS software. Figure 2 shows an optical micrograph of intragranular ferrite (IGF), granular bainite (GB) and lath or plate-like bainite (PB). 23) IGF is formed at higher temperatures by reconstructed mechanism. GB and PB are formed at lower temperatures. GB is fairly recovered bainite with "lath-less" morphology. PB is lath or plate-like bainite with dislocated substructure. The grain boundary was not seen due to large austenite grain ϳ300 mm. The mixed microstructures in Fig. 2 consisted of a large amount of lath or plate-like bainite (PB), a small amount of granular bainite (GB, indicated by long and thin arrows) and intragranular ferrite (IGF, indicated by short arrows). The intragranular ferrite was formed at an inclusion, indicated by a long and bold arrow. The inclusion cannot be clearly seen because they are partly buried under this polishing plane or dropped due to specimen preparation. It can also be seen that lath or plate-like bainite were divided by granular bainite and intragranular ferrite laths or plates. As shown in Fig. 3 , intragranular ferrite was not formed in the same specimen with no relaxation after hot deformation ended although inclusions existed, indicated by an arrow. In this case, the lath or plate-like bainite almost penetrated through the prior austenite grain. Figure 4 shows the SEM images of the morphology and elemental map of the inclusion. The SEM-EDX analysis, as shown in Fig. 5 , demonstrated that the inclusion was mainly composed of titanium. The TEM-EDX analysis of extraction carbon replica specimen from this specimen indicated that the inclusion was TiN. Other inclusions such as sulfide and oxide were also formed in the steel.
Results and Discussion

Mixed Microstructures
It is proposed that the intragranular ferrite was formed at TiN particles and/or their complex inclusions in this study. Matsuda and Kageyama 24) reported that TiN particles were served as nucleation sites for proeutectoid ferrite preferentially and also accelerated the ferrite formation in low carbon alloy steels. TiN is regarded as an effective nucleation sites for intragranular ferrite owing to low interfacial energy between ferrite and TiN. 25) Morikage et al. 26) also reported that the critical size of a TiN particle for the formation of ferrite decreased with the amount of undercooling in low carbon steels, that is, ϳ50 nm at 650°C and ϳ140 nm at 750°C. TiN with the size of ϳ1 mm is beneficial to the formation of intragranular ferrite in this research.
It is likely that relaxation before cooling played a role in the formation of intragranular ferrite. Grain boundary is a preferential site for nucleation of ferrite. Experimental work on the nucleation and growth kinetics of intragranular ferrite showed that intragranular ferrite was formed not only at much lower temperatures, but also slower than grain boundary ferrite. 20) That is, ferrite formed at grain boundary is faster than at intragranular inclusions. A longer incubation time is thus needed for the nucleation at intragranular inclusions than that at grain boundary. Relaxation, i.e. holding for a fixed time, is likely to be advantageous to the formation of intragranular ferrite. Additionally, relaxation before cooling in the TMCP-RPC process promoted the precipitation of carbon nitride.
11) Thus, the precipitation of nitride on inclusions during relaxation also probably promote the nucleation of intragranular ferrite.
Micro Mechanical Properties of Microstructures
The micro mechanical properties of mixed microstructures were revealed by applying with nano indentation. Figure 6 shows the typical force-depth curves of intragranular ferrite, granular bainite and lath or plate-like bainite. It is seen that the elastic modulus and hardness increased in the sequence of intragranular ferrite, granular bainite and lath or plate-like bainite. Table 2 shows the measured elastic modulus and hardness of the mixed microstructures with a standard deviation. The average of elastic modulus and hardness of intragranular ferrite, granular bainite and lath or plate-like bainite were 232 and 3.39 GPa, 247 and 4.03 GPa, 262 and 4.64 GPa, respectively. As shown in Table 2 , the average of elastic modulus and hardness increased in the order of intragranular ferrite, granular bainite and lath or plate-like bainite although the measured data were scattered. The discrepancies among them may be attributed to dislocation density and carbon content. The difference of elastic modulus and hardness between intragranular ferrite, granular bainite and lath or plate-like bainite might imply that they were formed at different temperatures, resulting in inducing characteristic morphologies. 
Stability of Microstructures
Specimens were tempered in a quartz tube with a vacuum of 5ϫ10 Ϫ3 Pa at 550°C and 650°C for varying times so as to understand the stability of intragranular ferrite, granular bainite and lath or plate-like bainite. It was found that no remarkable change could be seen for intragranular ferrite, granular bainite and lath or plate-like bainite when the specimen was tempered at 550°C for 1 h. Figure 7 shows the optical micrographs of the specimens tempered at 650°C for two periods to change microstructure. It can be seen in Fig. 7(a) that lath or plate-like morphology can not be distinguished for a short time 2 h. Additionally, some of the bainite tended to disappear, and some of them were coalesced. It is evident in Fig. 7(b) that the intragranular ferrite or proeutectoid ferrite was remained and the bainite was almost disappeared when it was tempered for a longer time 6 h. The microstructural observations of tempered specimens indicated that the stability of the microstructure decreased in the order of intragranular ferrite and bainite. This might imply that intragranular ferrite was formed earlier and at higher temperatures than bainite. The prior austenite was likely to be sectioned by the intragranular ferrite formed earlier. The formation of bainite transformed at lower temperatures was thus confined in the sectioned small zones, which may, in turn, promoted the refinement of the mixed microstructures.
Three-dimensional Morphology of Intragranular
Ferrite In order to reveal the morphology of intragranular ferrite formed in the microalloyed steel, three-dimensional reconstruction was conducted. Figure 8 shows the 3D image of intragranular ferrite. It is seen that the intragranular ferrite is lath-like or plate-like in this specimen. Shim et al. 7) recently reported that the morphology of intragranular ferrite changed from idiomorphic to acicular ferrite as transformation temperature decreased based on 2D observations. Three-dimensional reconstruction of acicular ferrite in a weld deposit also indicated that ferrite particles formed at inclusions scattered widely from lath to plate at lower temperatures. 27, 28) 
Proposed Mechanisms for the Formation of Mixed
Microstructures A fine mixed microstructure consisting of intragranular ferrite, granular bainite and lath or plate-like bainite was obtained in the present low carbon Nb-Ti microalloyed steel by means of a TMCP-RPC technique. On one hand, the refinement was attributed to the precipitation of Nb and Ti carbonitride and polygonal dislocation cell formation, 11) which was not discussed in this study. On the other hand, plate-like or lath-like intragranular ferrite played an important role in the refinement of the mixed microstructures. As it is known that the refinement of martensite can be realized by the formation of lath or plate-like lower bainite at higher temperatures prior to the transformation of martensite. Fine-grained martensite is attributed to effective sectioning of prior austenite by means of lath or plate-like lower bainite. Recently, it was also reported that the interlocking acicular ferrite network was resulted from the larger, firstly formed plates or laths, which restricted the growth of those formed subsequently. 29, 30) As discussed previously, intragranular ferrite was formed earlier at higher temperatures than bainite. It is therefore proposed that plate-like or lathlike intragranular ferrite formed earlier effectively sectioned the prior austenite into small zones and thus fine bainite were restricted to be transformed at later stage in these small areas, as schematically shown in Fig. 9 . In this study the refinement of mixed microstructures was resulted from not only the precipitation of carbonitride, but also the formation of plate-like or lath-like intragranular ferrite prior to the formation of bainite.
Conclusions
A mixed microstructure of intragranular ferrite, granular bainite and lath or plate-like bainite was obtained utilizing Table 2 . Measured elastic modulus E and handness H of IGF, GB and PB. the technique of TMCP-RPC in a Nb-Ti microalloyed steel. In this technique, the relaxation before cooling is likely to provide enough incubation time for the formation of intragranular ferrite. In the meantime, intragranular ferrite was also formed in association with TiN and/or nitride precipitated during relaxation. The refinement of microstructures might be resulted from the sectioning of prior austenite by lath or plate-like intragranular ferrite formed earlier at higher temperatures. The formation of bainite transformed at lower temperatures was thus restricted in the sectioned small units, which may, in turn, promote the refinement of the mixed microstructures.
